In transfusion medicine, the deformability of stored red blood cells (RBCs) changes during storage in blood banks. Compromised RBC deformability can reduce the transfusion efficiency or intensify transfusion complications, such as sepsis. This paper reports the microfluidic mechanical measurement of stored RBCs under the physiological deformation mode (that is, folding). Instead of using phenomenological metrics of deformation or elongation indices (DI or EI), the effective stiffness of RBCs, a flow velocityindependent parameter, is defined and used for the first time to evaluate the mechanical degradation of RBCs during storage. Fresh RBCs and RBCs stored up to 6 weeks (42 days) in the blood bank were measured, revealing that the effective stiffness of RBCs increases over the storage process. RBCs stored for 1 week started to show significantly higher stiffness than fresh RBCs, and stored RBC stiffness degraded faster during the last 3 weeks than during the first 3 weeks. Furthermore, the results indicate that the time points of the effective stiffness increase coincide well with the degradation patterns of S-nitrosothiols (SNO) and adenosine triphosphate (ATP) in RBC storage lesions.
INTRODUCTION
More than 108 million blood donations are collected globally every year. Regulations in many countries specify 42 days (6 weeks) as the shelf life for stored red blood cells (RBCs), and a first-in-first-out inventory management approach is standard. Large-scale clinical studies involving 200-1800 patients indicated that patients transfused with older RBCs tend to have a higher risk of mortality than those receiving fresher RBCs [1] [2] [3] [4] . During storage, RBCs undergo several biochemical and biophysical changes, referred to as storage lesions. Storage-associated biomechanical changes (for example, decrease in deformability) can cause a decrease in transfusion efficacy and increase in harmful effects 5, 6 . Poorly deformable RBCs result in a higher clearance by the spleen and are known to contribute to respiratory distress and systemic sepsis 7, 8 . Clinical research has also identified a number of disease conditions, such as splanchnic ischemia, that develop in patients who had been transfused with older RBCs. Tissue ischemia, for example, is believed to be partially caused by a microcirculatory occlusion, which is caused by poorly deformable RBCs 9 . Furthermore, sepsis was aggravated among critically ill patients who had older RBCs transfused 10, 11 . Since septic patients have constricted vessels, poorly deformable RBCs can be trapped in microcirculation, leading to tissue hypoxia, exacerbating patients' health conditions 12, 13 . Thus, it is important to understand the mechanical changes of RBCs throughout the storage process.
Micropipette aspiration was first used to investigate deformability changes during RBC storage 14 . The negative pressure required to aspirate an RBC into the micropipette was used as an indicator of RBCs' deformability. The results showed that RBCs stored for a longer time required a higher negative pressure to be aspirated into the micropipette, suggesting poorer deformability. Optical tweezers were used to stretch an RBC, revealing that 35-day-old RBCs were more difficult to stretch than fresh RBCs 15 . More recently, ektacytometry was used to characterize the deformability of stored RBCs by stretching RBCs with shear stress induced by a rotating plate. The extent of RBC elongation, defined as the elongation index (EI), was used to indicate deformability under a certain shear stress 16, 17 . A microfluidic measurement was also reported for investigating stored RBCs' deformability, wherein the deformation index (DI) did not show significant differences at different storage time points 18 . The deformation of an RBC contains three modes: area expansion, shear, and bending of the cell (Supplementary Figure S1 ). Area expansion describes the isotropic area dilation or compression of the membrane surface under force. Shear describes the extension of the in-plane extension of the membrane surface with the same membrane area. Bending characterizes the deforming behavior of a membrane under an out-of-plane force. Micropipette aspiration is suitable for measuring the area expansion stiffness, while shear stiffness (called shear modulus in many cases, with a unit of N m −1 ) can be measured by using optical tweezers or shear flow. Both area expansion stiffness and shear stiffness reflect an RBC's in-plane properties. When an RBC is deformed under an in vivo-like flow condition, bending must also be considered in the deformation. In this case, RBC deformation results from the collective effects of area expansion, shear, and bending. Although an in vivo-like flow condition was created on a microfluidic device, the defined deformation index (DI) is a phenomenological parameter that strongly depends on the flow velocity and is therefore unsuitable to use as a metric for evaluating mechanical degradation of RBCs during storage. A more detailed discussion of DI's dependence on the flow velocity is provided in the Experimental Results section. This paper reports the microfluidic measurement of stored RBCs, wherein RBCs are deformed in the folding mode and velocity-independent effective stiffness is used to evaluate RBCs' mechanical degradation during storage. The results reveal that RBCs' effective stiffness becomes significantly higher during the first week of storage and consistently increases over the 6-week storage period. Interestingly, the time points of the effective stiffness increase were found to coincide well with the degradation patterns of S-nitrosothiols (SNO) and adenosine triphosphate (ATP) in RBC storage lesions.
MATERIALS AND METHODS
The polydimethylsiloxane (PDMS) device (Figure 1 ) used in this study was made using standard soft lithography. The device consists of wide channels (500 μm × 60 μm) for introducing cells and a constriction channel (12 μm × 20 μm) for inducing shear force to deform RBCs. Two focusing channels were used to center and reorient RBCs to ensure that most of the cells were deformed symmetrically in the center of the constriction channel 18 . Before being introduced into the device, fresh RBCs and RBCs stored from 1 week to 6 weeks were diluted 200 times in phosphate-buffered saline (PBS) to minimize the coincidence occurrences of multiple cells in the channel. Although the pH of RBC storage medium decreases to 6.5 by the sixth week 19 , stored RBCs were tested in PBS (pH: 7.35) since pH 7.35 is more physiologically relevant 20 . Before RBCs were introduced into the microfluidic device, their shape at rest was first evaluated, as shown in Figure 1b The size of the constriction channel was chosen via finite element simulation and experimental validation. Figure 2 shows that the highest shear stress occurred on the RBC membrane closest to the channel wall. The flow velocity used in this study was 0.02 m s −1 , which was limited by the shutter time of the camera. When the channel width was smaller than 10 μm, the highest shear stress increased significantly to 300 Pa, sufficiently high for causing RBC lysis 21, 22 . When the channel width was larger than 14 μm, the shear stress was not sufficient to bend the RBCs. Thus, a 12 μm channel width was chosen for use in this study.
After an RBC enters the constriction channel, the cell reaches its steady-state shape before approaching the end of the channel, which is 160 μm long. Shear stress acts on the cell and imposes a drag force to deform the RBC. The drag force can be approximated analytically according to 23 :
where μ is the viscosity of the medium; ν is the flow velocity; and d is the diameter of the deformed RBC ( Figure 1 ); wall factor f w ¼ Finite element simulation in COMSOL, using a model of a rectangular microchannel and deformed biconcave RBC shape, confirmed that the error in the drag force quantification from Equation (1) was consistently within 10% for all flow velocities. The RBC's deformed diameter d and deflection L were both measured from 5000 Hz imaging. The effective stiffness of the RBC, reflecting the collective effects of area expansion, shear, and bending is hence
Experimental results Microfluidic measurement of the effective stiffness was first validated by AFM indentation. In microfluidic measurement, an RBC is located in the center of the microchannel and shearinduced force is symmetrically applied to the cell. As shown in Supplementary Figure S2 , the distributed shear stress τ y is equivalent to a force . Similarly, in an ektacytometry study 25 where RBCs were deformed in the stretching mode, the extent of RBC elongation, defined as the elongation index (EI), was also found to increase at higher flow velocities. These results confirm that the indices, DI and EI, strongly depend on the flow velocity and that the use of different flow velocities in experiments can lead to different conclusions regarding DI or changes in EI during RBC storage. The drag force quantification in Equation (1) takes into account the effect of the flow velocity, v. At low flow velocities, when the parachute shape is sustained, both the drag force F and RBC deformation/ deflection L increase as the flow velocity increases. Experimental measurement of fresh RBCs confirmed that their effective stiffness remained unchanged under different flow velocities (28.5 ± 8.4 μN m −1 ; P value40.1), as shown in Figure 3b , indicating that the effective stiffness is largely flow velocity-independent under low velocities and is a more appropriate metric for characterizing RBCs' mechanical degradation than the phenomenological parameters of DI and EI.
To further investigate the effect of the flow velocity on RBC's effective stiffness, a 3D finite element simulation (COMSOL) was conducted. An RBC was modeled as a shell (that is, cell membrane thickness: 10 nm, Young's modulus: 1 kPa (Ref. 26)) encapsulating fluids (that is, hemoglobin which is incompressible 27 ). It was modeled as a biconcave disk (diameter: 8 μm) with a thickness at the thickest point of 2 μm and a minimum thickness in the center of 1 μm. In the simulation, the flow velocities were varied from 0.01 to 0.1 m s −1 in the constriction channel (12 μm × 20 μm in cross section, the same as in the experiments). Experimentally varying the drag force and measuring the deflection of the RBC was difficult because of the practical limitation of the high-speed camera's shutter time for clearly measuring RBC deformations, limiting the flow velocity to o 0.03 m s −1 . The simulation results (Supplementary Figure S5) reveal that the drag force increased linearly with the flow velocity. However, RBC deflection increased linearly only when the flow velocity was lower than 0.06 m s −1 , after which nonlinearity occurred. This is because the stress induced by a flow velocity higher than 0.06 m s −1 exceeds RBC's yield stress (250 Pa to 300 Pa) 21, 22, 28 . Thus, a flow velocity o0.03 m s −1 was used in the experiments and was not considered to be sufficiently high enough to induce nonlinearity in the RBC effective stiffness.
Finite element simulation was also conducted to investigate the effect of the microfluidic channel width on the RBC effective stiffness (flow velocity: 0.02 m s , shear stress became significantly higher than 300 Pa for a channel width smaller than 10 μm, which can lead to RBC lysis. When the channel width was larger than 14 μm, shear stress was too low to deform RBCs. RBC stiffness measured at 25°C showed no significant differences from those measured at 37°C (P o0.001*). Error bars represent the standard deviation.
Stiffness increase of stored red blood cells Z Xu et al the channel width was larger than 11 μm, the effect of channel width on the RBC effective stiffness became negligible. The simulation also shows that when the microfluidic channel width was larger than 14 μm, RBC deformation was only approximately 0.1 μm for 6-week-old RBCs due to the small flow-induced force, making RBC deformations difficult to measure via imaging (data not shown here). Thus, a channel width of 12 μm was chosen for our microfluidic device.
Temperature effect on the RBC effective stiffness In blood banks, RBCs are stored at 4°C. We next measured the effective stiffness of stored RBCs at different temperatures to understand the effect of temperature on the stiffness of stored RBCs. In the fresh RBC group (Figure 4) , freshly collected RBCs were stored at 4°C for 5 h and then diluted in PBS that had been stored at 4°C or diluted in PBS that had been incubated at 37°C for microfluidic measurements. After the 37°C measurements, RBCs were cooled to an ambient temperature of 25°C and then measured. The same protocol was used to collect data from the 2-week-old and 5-week-old groups (Figure 4) for RBCs stored at 4°C for 2 weeks and 5 weeks, respectively. In all of the measurements, the pH was consistently maintained at 7.35 ± 0.05. As shown in Figure 4 , within each of the three groups (fresh, 2-week-old, and 5-week-old, n42000 RBCs), the effective stiffness of RBCs measured at 4°C was always significantly higher than at 25 and 37°C. However, the effective stiffness of RBCs showed no difference when measured at 25 and 37°C. It is known that as temperature is increased from 4°C, the lipid tails in the RBC membrane become unsaturated, resulting in extra free space within the lipid bilayer 29, 30 . Furthermore, as the temperature increases, phosphatidylcholine lipids in the RBC membrane transition from a crystal-like arrangement to a liquid-like state. This transition is largely completed at 22°C, when the lipid tails are fully unsaturated 29, 31, 32 . Our results, for the first time, quantitatively reveal how RBCs' effective stiffness decreases from 4°C to 25°C and 37°C. The stiffness data supports previous findings of RBC membrane lipid packing changes and the transition of saturation states from low to high temperatures. Additionally, data from all three groups (fresh, 2-week-old, and 5-week-old) also indicated no significant differences in RBCs' effective stiffness at 25°C and at 37°C.
RBC effective stiffness increases during storage
Fresh RBCs and RBCs stored up to 6 weeks were tested under ambient temperature. Based on the measurement of over 5000 RBCs from five different samples, the effective stiffness of RBCs at different storage points was quantified and is summarized in DISCUSSION RBC stiffness is determined by the membrane skeletal network. In the RBC membrane, a phospholipid bilayer is tethered to the spectrin network (mainly the spectrin α and spectrin β proteins) via a number of proteins, such as band 3, ankyrin, protein 4.1, and glycophorin, as shown in Figure 6a . Spectrin α and spectrin β form the structure underneath the cell membrane and provide mechanical support 33, 34 . Ankyrin is responsible for the bridging of spectrin to band 3, which is one of the major RBC membranespanning proteins in the lipid bilayer 35, 36 . The affinity between ankyrin and spectrin is modulated by S-nitrosylation, a process involving post-translational protein modifications 37, 38 . Another protein, protein 4.1, also plays a key role in regulating membrane stiffness by interacting with spectrin and glycophorin, and their interactions are modulated by phosphorylation, a process that involves the addition of a phosphate to an organic compound by consuming ATP 39 . The structure and the interactions between these proteins change during RBC storage due to the degradation of several biochemical parameters, such as SNO and ATP [40] [41] [42] . The degradation of these biochemical parameters over the RBC storage process has been widely reported, and the depletion of SNO and ATP has been speculated to play important roles in regulating RBCs' mechanical properties 39, [43] [44] [45] . During RBC storage, the SNO level becomes lower, leading to a lower activity of S-nitrosylation 40 . The detachment between spectrin and ankryin, which is induced by S-nitrosylation, becomes less frequent, and the detached end of spectrin thermally diffuses back to ankyrin and reattaches 38, 46 . Higher affinity between the spectrin and ankyrin proteins can contribute to increased stiffness of the RBC membrane. Meanwhile, gradual ATP depletion is known to occur during RBC storage 41 . Due to insufficient energy provided by ATP for the detachment of glycophorin from the spectrin network 39 , glycophorin tends to re-attach to spectrin by protein 4.1 44 , and the higher affinity between glycophorin and spectrin can also contribute to the increase in RBC membrane stiffness.
Our data show that the stiffness of stored RBCs increased significantly during the first week of storage. Interestingly, this timing matches well with the degradation pattern of SNO. It is known that the SNO level decreases by 70% after only one day of RBC storage and that by the end of the first week of storage, up to 90% of the SNO is depleted 40 , as shown in Figure 6b . Thus, we reason that the significant depletion of SNO in the first week of RBC storage caused the significant RBC stiffness increase by the first week as our data revealed (1 week: 37.2 ± 8.6 μN m ). Since little SNO is left at the end of the first week of storage, the effect of SNO depletion on RBC stiffness becomes less obvious in Week 2-Week 6. Compared to Week 1-Week 3, the increase in RBC stiffness was significantly more rapid during the last three weeks (Week 4-Week 6). This faster increase in stiffness during the last 3 weeks of storage can be attributed to the timing of ATP degradation. The ATP level has been shown to remain largely unchanged during the first 3 weeks of storage, but starts to drastically decrease in Week 4 41, 42 , as shown in Figure 6 . It is thus likely that the increase in stiffness of the stored RBCs in Week 4-Week 6 is mostly caused by the depletion of ATP.
Whether and how the stiffness of RBCs changes during storage has critical relevance to patient safety and treatment effectiveness in transfusion medicine 6, 47 . RBCs over the storage process have been mechanically characterized in both stretching and folding modes, and different metrics for indicating RBC deformability were used 17, 18, 48 . The elongation index (EI) and deformation index (DI) were phenomenologically defined and are strongly dependent on the flow velocity. Instead of measuring EI or DI, the shear modulus of RBCs was measured using the optical tweezers method to characterize stored RBC deformability changes 49 . Quantification of the laser tweezers applied forces was obtained by comparing the experimental data with finite element simulation. Older RBCs were found to be stiffer than fresh ones. Unfortunately, no shear modulus change data were presented beyond 21 days of storage in Ref. 49 , although 42 days is specified as the shelf life in most countries. Recently, a deformability-based microfluidic device was reported for sorting stiff and less stiff RBCs 50 . It was observed that significant differences in the sorting results existed between RBCs stored for less than and longer than 28 days, indicating that RBCs became stiffer after 28 days of storage. This result agrees well with the effective stiffness changes quantified in our study, and the effective stiffness of RBCs starts to increase drastically from Week 4 (28 days). Note that the sorting device is not capable of quantifying the mechanical property changes of RBCs; instead, it leverages RBC stiffness changes for RBC sorting.
Our work, for the first time, measured RBCs' inherent stiffness changes over the storage process by deforming RBCs in the bending mode (an in vivo-like deformation mode). Effective stiffness, a flow velocity-independent parameter, was defined and used to quantify the mechanical degradation of stored RBCs. Effective stiffness reflects the resistance of an RBC to bending deformation under external forces induced, for instance, by blood flow in vivo or fluidic flow in microfluidic channels. The results reveal that RBCs stored for 1 week already started to show a significantly higher stiffness than fresh RBCs and that the stiffness of stored RBCs degraded faster during the last 3 weeks than during the first 3 weeks. These results and the interesting coincidence between the time points of the increase in effective stiffness and degradation patterns of SNO and ATP in stored RBCs motivate us to pursue a systematic correlation between the biomechanical and biochemical parameters in RBC storage lesions; these results will also likely trigger deeper analyses of patient data gathered from previous and current large-scale clinical studies in transfusion medicine to better understand RBC storage age and clinical results. For instance, do 1-and 3-week-old RBCs lead to a mortality difference in transfused patients? There also are some technical issue that deserves more investigation. To better understand the effect of biochemical degradation on the changes in RBC stiffness, performing biochemical measurements on single RBCs and stiffness measurements on the same RBCs, different from existing studies on RBC populations [40] [41] [42] , would permit a more precise correlation.
CONCLUSION
This paper presents microfluidic measurements of effective stiffness changes of RBCs during the storage process. Instead of using phenomenological metrics, such as the deformation index (DI) and elongation index (EI), as in previous studies, an effective stiffness that reflects the inherent mechanical properties of RBCs and is flow velocity-independent was used to quantitatively describe the mechanical degradation of stored RBCs. Fresh RBCs and RBCs stored up to 6 weeks were measured on a microfluidic device in the bending mode, mimicking their deformation when they pass through microcapillaries in vivo. The results revealed the pattern of an increasing effective stiffness as well as the time points at which drastic stiffness increases occurred. The concurrence of the degradation patterns of SNO and ATP was also discussed.
